Cerebral ischemia causes metabolic alterations that vary greatly in different regions of the brain. Even in the most uniform of ischemic episodes, i.e., complete cessation of flow, metabolic changes are regionally inhomogeneous. Further, the patchy per fusion that characterizes incomplete ischemia ac centuates the metabolic heterogeneity. Finally, in focal ischemia, metabolic perturbations in the isch emic focus are qualitatively different from those in adjacent tissue. Therefore, it is imperative that bio chemical studies of cerebral ischemia employ methods with appropriate spatial resolution.
tabolites during complete ischemia is similar in both white and gray matter.
The analytical sensitivity and spatial resolution of the microchemical methods are extremely good. With some effort, metabolites can be measured in single neurons (Passonneau and Lowry, 1971) or even in portions of individual cell bodies (Kato et aI., 1973) . However, this high degree of spatial res olution can be a problem. Frequently, the location of ischemic changes is not precisely known. Even the most reproducible models of experimental isch emia produce damage that varies significantly in dif ferent animals. Thus, it can be a major task simply to locate regions with ischemic change. Further, the degree of metabolic alteration may vary greatly from region to region. Therefore, it is important to be able to survey large areas of brain for ischemic metabolic alteration.
METABOLIC MAPPING
Ischemia triggers a number of biochemical alter ations, one of the most rapid of which is an increase in NADH. NADH and its oxidized partner, NAD+, participate in oxidation-reduction reactions that are coupled to the generation of high-energy phos phates. When oxygen delivery to the brain is insuf ficient, the NADHi NAD+ coupling shifts toward the reduced state, and NADH levels increase. Owing to the strong fluorescence of NADH, this increase can be measured in situ with fluorometric methods (Chance et aI., 1962) . Furthermore, the marked enhancement of fluorescence at tempera tures below -40°C facilitates NADH fluorometry in frozen brain. Thus, ischemic metabolic altera tions can be mapped simply by photographing the intensity of NADH fluorescence in sections of brain frozen in situ (Welsh and Rieder, 1978) . The re gional resolution of this method is quite good; isch emic areas of <100 JJ.-m in size can be distinguished with photographic methods (Welsh et aI., 1978b) .
A number of histologic stains for labile metab-olites have also been developed using thin sections of frozen brain. Kogure and Alonso (1978) intro duced a pictorial method for ATP, based on the lu minescent reaction between ATP and luciferin, cat alyzed by firefly luciferase. Regional glucose con tent can be determined with another luminescent reaction that employs luciferase from the marine bacteria Vibrio fischeri (Paschen et aI., 1981a) .
Since this luminescent reaction involves NADPH, it may be possible to design histologic reagents that are specific for a variety of brain metabolites that can be coupled to NADPH formation. Regional maps of brain pH have been reported using the pH indicators neutral red (Kogure et aI., 1980) and umbelliferone (Welsh, 1979; Csiba et aI., 1983) . In the neutral red method, the indicator is administered systemically, and sections of frozen brain are photographed using color film or color filters to measure reflectance intensity at the pH dependent wavelength. By contrast, in the umbel liferone method, the indicator is applied in vitro to thin sections of frozen brain. Upon melting, the pH dependent fluorescence is recorded photographi cally.
Autoradiographic methods to measure glucose metabolism, using 14 C-Iabeled deoxyglucose (So koloff et aI., 1977) or glucose (Lu et aI., 1983) , yield high-resolution maps of tracer uptake. However, during ischemia, the interpretation of altered uptake is complicated by increased anaerobic glycolysis and by alterations in the transport of substrate from blood to brain at low levels of perfusion.
Although the mapping methods provide the re gional resolution required, they are, in general, only semiquantitative. Although it is theoretically pos sible to quantitate the NADH, ATP, glucose, and pH methods, in practice it is difficult to correct for nonspecific effects, such as quenching of emitted light by hemoglobin. In addition, changes in tissue pH or water content might interfere with luciferase dependent reactions (for ATP and glucose). There fore, it is essential to complement the mapping methods with regional sampling for quantitative measurements using standardized biochemical pro cedures.
REGIONAL ALTERATION OF METABOLITES DURING ISCHEMIA
Cerebral ischemia may be subdivided into two major categories, global (diffuse) and focal. In global ischemia, the degree can be graded by con trolling cerebral perfusion pressure, either by raising intracranial pressure or by lowering the pressure of the arterial inflow. In the rat, cerebral perfusion pressure must be decreased to � 30 mm Hg before cerebral levels of high-energy phosphates and lactate are altered substantially (Siesj6 and Zwetnow, 1970a,b) . At this threshold, there are large differences in metabolite levels in various re gions of brain. Thus, elevation of intracranial pres sure in the rabbit caused regionally heterogeneous alterations of ATP, phosphocreatine, lactate, and N ADH within the parietal cortex (Welsh et aI., 1977) . The more ischemic regions of cortex, often located within the territories of the middle cerebral arteries, were detected in frozen sections by virtue of elevated NADH fluorescence.
METABOLIC CHANGE IN WHITE MATTER
Surprisingly, the region most affected by mod erate reductions of perfusion pressure is cerebral white matter. Thus, the decrease in ATP and phos phocreatine and elevation of lactate were greater in white matter than in cerebral cortex or caudate nu cleus during mild ischemia in the cat (Welsh et aI., 1978b) . Phosphocreatine levels were nearly de pleted in white matter, but remained >70% of normal in cortex (Table 1, MA BP 60 or 50 mm Hg). The white matter energy failure is also evident in the histochemical depiction of ATP ( Fig. 1) . Thus, ATP levels are reduced throughout the white matter, including the centrum ovale, corpus cal losum, and internal capsule. Structures adjacent to the internal capsule may also be affected.
The vulnerability of energy metabolites in white matter is surprising because the metabolic rate of this region is low. However, the ratio of blood flow to metabolic rate in white matter is similar to that in gray matter (Reivich et aI., 1975) . Furthermore, white matter is supplied in part by penetrating ar teries that traverse the cortex (Campbell, 1937) . Thus, when perfusion pressure drops, the shorter arteries supplying the cortex will be preferentially perfused. Indeed, regional flow measured with mi- tured are three sections of cat brain stained for ATP using the luciferase method. Incomplete cerebral ischemia was produced by occluding both common carotid arteries and lowering arterial pressure to 60 mm Hg for 2 h. The brain was frozen in situ, sectioned, and stained for ATP. ATP lu minescence is diminished in white matter, but not in most cortical and subcortical gray matter regions. (From Welsh et aI., 1979, by permission.) crospheres (Mueller et aI., 1977) or H2 clearance (Lesnick et aI., 1984) is decreased by a greater per centage in white matter than in gray matter during hypotensive insults.
METABOLIC CHANGE IN GRAY MATTER
The degree of ischemia that depletes white matter phosphocreatine causes a 30% decrease in phos phocreatine (Table 1 ) and a twofold increase in lac tate in the cerebral cortex (Welsh et aI., 1978b) . These cortical changes are not regionally uniform, since they occur in regions with a remarkably mi croheterogeneous pattern of increased NADH flu orescence (Fig. 2 ). Small patches of increased flu orescence are scattered in cerebral cortex and deep gray matter, indicating that ischemic metabolic The brain was frozen in situ, sectioned in the coronal plane, and fluoresced at -196°C. In cerebral cortex, there are small patches of increased fluorescence intensity. The fluores cence in white matter is not different from that of control animals.
change is highly localized. At lower perfusion pres sures, there is an increase in the number of flu orescent patches along with more pronounced al terations in cortical levels of ATP, phosphocreatine, lactate, and NADH (Welsh et aI., 1978b) . Even when blood flow is decreased below 5 mlllOO glmin (Ginsberg et aI., 1978) , the elevation of NADH flu orescence is regionally heterogeneous (Welsh et aI., 19780) .
The pattern of increased NADH fluorescence in cerebral cortex is frequently columnar (Figs. 2 and  3) . The fluorescent columns are irregular in diam eter and length, not always spanning the cortical laminae. Notably, laminar alterations of fluores cence are not evident. The columnar orientation of ischemic changes is most likely caused by uneven perfusion of neighboring penetrating arteries. How ever, the influence of columnar alterations in met abolic rate is difficult to exclude.
FOCAL ISCHEMIA
Occlusion of a single artery, such as the middle cerebral artery, causes a focal reduction of blood flow. Because of arterial collaterals in adjacent tissue, pronounced alterations in energy metabo lites occur only gradually (Michenfelder and Sundt, 1971) . Regional methods reveal that metabolic changes in the ischemic focus differ substantially from those in surrounding tissue (Ratcheson and Ferrendelli, 1980; Welsh et aI., 1980b; Paschen et aI., 1981b) . In the ischemic focus, the metabolic J Cereb Blood Flow Me/abol, Vol. 4. No.3, 1984 changes are similar to those observed in severe global ischemia: low levels of ATP, phosphocre atine, and glucose and high levels of lactate and NADH. In surrounding tissue, there are interme diate reductions in the high-energy phosphates, but lactate levels may even exceed those of the isch emic focus. Further, brain glucose levels are usually higher than normal in the border tissue (Ratcheson and Ferrendelli, 1980) , and NADH fluorescence is not elevated (Paschen et aI., 19810; F. A. Welsh, unpublished data) . These alterations undoubtedly result from residual perfusion and continued supply of glucose to tissue bordering the ischemic focus.
Deoxyglucose has been used to map metabolic alterations in focal ischemia (Ginsberg et aI., 1977; Welsh et aI., 1980b) . The uptake of deoxyglucose is generally diminished in the ischemic focus, but may be markedly elevated in surrounding tissue. Correlated with an accumulation of lactate, this en hanced uptake has been attributed to increased an aerobic glycolysis in marginally ischemic tissue. However, the presence of elevated tissue glucose and uncertainties in the "lumped" constant hinder quantitation of alterations in the rate of glucose uti lization.
REGIONAL METABOLIC ALTERATIONS DURING POSTISCHEMIC RECIRCULATION
Restoration of metabolite levels following a pe riod of ischemia may exhibit a great degree of re gional heterogeneity. Remarkably, the regional pat-FIG. 3. NADH fluorescence during in complete ischemia in cat brain. Incom plete ischemia was produced by occlu sion of one carotid artery and reduction of MABP to 22 mm Hg for 5 min. The brain was frozen in situ, sectioned in the cor onal plane, and fluoresced at low tem perature. The pattern of NADH fluores cence in cerebral cortex is extremely het erogeneous, with many small patches of increased fluorescence, sometimes with columnar orientation. (From Welsh and O'Connor, 1978, by permission.) terns of metabolic recovery are quite distinct from those that occur during ischemia. Thus, in the re circulation phase following global ischemia, energy failure appears in multiple foci within the cerebral gray matter (Welsh et aI., 1978a (Welsh et aI., , 1980a (Welsh et aI., , 1982 Paschen et aI., 1983) . Histochemical methods depict the regional patterns of this energy failure and show a close correspondence between regions with low ATP and persistent acidosis (Fig. 4) . Commonly, the acidotic areas are somewhat larger than the areas of decreased ATP. The focal pattern of energy failure bears little resemblance to the microhetero geneous alterations that occur during ischemia. Rather, areas ranging in size from several millime ters to > 1 cm appear to be homogeneously depleted of ATP. The distribution of focal energy fa ilure within the cortex, while rather random, is greatest in cortical sulci, particularly in the boundary zones of the major cerebral arteries (Paschen et al., 1983) . However, there are many exceptions to this distri bution, as in cases in which energy failure is con fined to one hemisphere (Fig. 5) .
Focal energy failure is characterized by de creased, rather than increased, NADH fluores cence (Fig. 5) . The absence of high levels of NADH indicates that the impairment in ATP regeneration is not due to a failure to repeifuse. Areas of "no reflow" exhibit increased NADH fluorescence and a depletion of tissue glucose (Paschen et aI., 1983) . By contrast, high levels of glucose are present in regions with diminished fluorescence (Paschen et al., 1983) , further indicating that reperfusion has oc curred to some degree. .
The abnormal diminution of NADH fluorescence in serial sections of postischemic cat brain. Decreased staining intensity in dicates lower levels of ATP and lower pH. This brain, recirculated for 60 min following 30 min of global, incomplete ischemia, exhibited focally decreased ATP content in several cortical sulci and in subcortical gray matter. The correspondence between regions with low ATP and low pH is nearly one to one. FIG. 5. Regional metabolites during postischemic recirculation. Incomplete cerebral ischemia was produced by occluding both carotid arteries and lowering arterial pressure to 30 mm Hg. After a 3D-min insult, the brain was recirculated for 2 h, frozen in situ, sectioned, and processed for ATP, pH (umbelliferone), NADH, and regional sampling (samples A-F). Each sample was analyzed for ATP, phosphocreatine (PCr), lactate (Lac), NAD-, and NADH using enzymatic methods. Values for ATP, PCr, and Lac are expressed in mmollkg, for NAD+ and NADH in fJ-mollkg. (From Welsh et aI., 1982;  reprinted by permission of the American Heart Association, Inc.)
REGION
in regions with energy failure may signify a primary defect in the metabolism of NADH (Welsh et aI., 1982) . The total pool of NADH plus NAD+ is mark edly decreased in areas with low fluorescence (Fig.  5) . The persistent acidosis in these regions may cause the degradation of NADH, which is unstable at acid pH (Lowry et aI., 1961) . Thus, destruction of the NADH-NAD+ pool may be a factor limiting the restoration of energy state.
SELECTIVE VULNERABILITY
Unlike the patchy energy failure described above, which involves all cellular elements and thus rep resents the early stages of frank infarction, ischemic damage may be localized in defined structures, such as the hippocampus (Fig. 6) . Further, ischemic in jury may be restricted to individual cell types within a given structure. Thus, as little as 5 min of global ischemia in gerbil brain specifically damages the J Cereb Blood Flow Metabol. Vol. 4. No.3. 1984 pyramidal cells in the CAl subfield of the hippo campus (Kirino, 1982) . Remarkably, the histologic alterations become apparent only after a delay of 2-4 days. Energy metabolite levels in these cells recover immediately upon recirculation, but decline again by 4 days to 55% of normal (Arai et aI., 1982) . The absence of an increase in ADP or AMP indi cates that secondary ischemia is not responsible for the decline in ATP.
A similar delayed alteration of energy metabolites was demonstrated in selected regions following 30 min of temporary forebrain ischemia (Pulsinelli and Duffy, 1983) . Although the metabolic changes during ischemia and early recovery were similar in neocortex, striatum, and hippocampus, there was a secondary alteration of metabolite levels in striatum and hippocampus that paralleled the time course of histologic change (Pulsinelli et aI., 1982) . This se lective damage is apparently dependent on intrinsic properties, which determine not only the type of cell injured but also the injury time course.
CONCLUSION
It is clear that metabolic alterations caused by cerebral ischemia vary both quantitatively and qual itatively in different regions of the brain. This re gional variability enormously complicates the task of defining the biochemical mechanisms underlying ischemic damage. In view of the nature of the problem, however, a regional approach is inescap able. The challenge is, therefore, to develop and employ methods with appropriate regional resolu tion and with specificity for the substances in ques tion. Continued advances in understanding the pathogenesis of cerebral ischemia are critically de pendent on success in meeting this challenge. . After 20 min of ischemia, the brain was recirculated for 5 h prior to in situ freezing. NADH fluorescence throughout most of the brain is similar to that of control animals with the ex ception of the focal darkening (bilat eral) in the medial portion of the hip pocampus (arrow).
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